In their first year after birth, infants develop basic concepts about their physical and social environment ([@bibr20-0956797619876260]), as indicated by their responses to unexpected events. For example, infants show basic expectations about physical laws ([@bibr19-0956797619876260]), numbers ([@bibr22-0956797619876260]), and human actions ([@bibr18-0956797619876260]). Differential looking times and event-related responses in an electroencephalogram (EEG) to unexpected events are commonly interpreted as an increase in infants' attention. In addition, recent evidence suggests that infants take unexpected events as an opportunity to learn ([@bibr21-0956797619876260]). In the present study, we use a rhythmic visual-stimulation approach to scrutinize the neuronal dynamics involved in infants' processing of unexpected events.

Neuronal oscillations reflect the synchronization of activity within and across nerve-cell populations ([@bibr5-0956797619876260]). Specifically, different brain rhythms are associated with distinct cognitive processes. The processing of novel information is accompanied by increases in theta oscillations (3--8 Hz) and decreases in alpha oscillations (8--14 Hz) in adults ([@bibr6-0956797619876260]) and children ([@bibr14-0956797619876260]). Whereas alpha suppression marks visual attention processes ([@bibr11-0956797619876260]), theta oscillations are involved in learning processes ([@bibr13-0956797619876260]). In the infant brain, alpha suppression has also been associated with attention ([@bibr10-0956797619876260]), and increased theta oscillation has been related to learning ([@bibr1-0956797619876260]) and to the processing of unexpected events ([@bibr2-0956797619876260]).

Neuronal oscillatory dynamics can be experimentally manipulated by rhythmic perceptual-stimulation techniques. For example, visually flickering stimuli elicit neuronal oscillations in a specific stimulation frequency (steady-state visually evoked potentials, or SSVEPs; [@bibr17-0956797619876260]). In adults, entrained theta oscillations enhance subsequent memory performance compared with entrained alpha oscillations ([@bibr15-0956797619876260]) or delta oscillations (\~2 Hz; [@bibr4-0956797619876260]). Testing the resonating network dynamics of different stimulation conditions is a critical addition to the measurement of ongoing oscillatory dynamics, since such testing allows for an experimental manipulation and functional dissociation among different neuronal frequencies ([@bibr9-0956797619876260]).

In the present study, we applied rhythmic visual brain stimulation in 9-month-olds. To test the involvement of the theta and alpha rhythms in the processing of unexpected events, we visually flickered the events at 4 Hz and 6 Hz---corresponding to infants' theta and alpha rhythms---and recorded their scalp EEG. For unexpected events, we expected a decrease in alpha (indexing attention processes) and an increase in theta (indexing learning processes; see the preregistration at <https://aspredicted.org/ve2qn.pdf>).

Method {#section1-0956797619876260}
======

Subjects {#section2-0956797619876260}
--------

The final sample consisted of 38 nine-month-old infants (14 girls; age: *M* = 9.4 months, *SD* = 7 days). Previous visual EEG studies used final samples of between 10 and 50 subjects (e.g., [@bibr10-0956797619876260]; [@bibr18-0956797619876260]), but because we planned to apply a new EEG paradigm, effect sizes could not be estimated. Consequently, we aimed for a final sample of 35 infants, which is toward the upper end of previous sample-size ranges. Thirteen additional infants were tested but excluded from the final sample because of failure to provide the minimum number of 20 artifact-free trials (*n* = 9) or because of fussiness (*n* = 4). This attrition rate is rather low for infant visual EEG studies. We selected this age group because previous studies indicated that infants demonstrate violation-of-expectation responses for the knowledge domains of interest by the age of 9 months or even earlier ([@bibr18-0956797619876260]; [@bibr19-0956797619876260]). Subjects were healthy full-term infants from a midsized German city. Informed written consent was obtained from each subject's parent before the experiment, and the experimental procedure was approved by the local ethics committee. This study was preregistered at [AsPredicted.org](http://AsPredicted.org) (<https://aspredicted.org/ve2qn.pdf>).

Infants' theta and alpha frequency {#section3-0956797619876260}
----------------------------------

To get an impression of 9-month-olds' theta and alpha frequencies for violation-of-expectation stimuli, we visually explored the theta and alpha power in existing data before conducting the present study. Using an independent sample of 9-month-olds, [@bibr18-0956797619876260] showed infants the same action stimuli that we used in the present study; for details on the experimental procedures, see [@bibr18-0956797619876260]. Specifically, we looked for an increase in theta and a decrease in alpha within the range of 3 Hz to 10 Hz on stimulus onset. Our visual exploration was consistent with previous literature, showing an increase of around 4 Hz for theta ([@bibr1-0956797619876260]) and a decrease of around 6 Hz for alpha ([@bibr10-0956797619876260]) in infants around 9 months of age. Thus, in the present study, we used 4 Hz for the stimulation of infants' theta rhythm and 6 Hz for the stimulation of infants' alpha rhythm.

Stimuli and procedure {#section4-0956797619876260}
---------------------

Stimuli were based on four classical violation-of-expectation paradigms for the core knowledge domains---*action, number, solidity*, and *cohesion* ([@bibr18-0956797619876260]; [@bibr19-0956797619876260]; [@bibr22-0956797619876260])---in four variations each (see [Fig. 1](#fig1-0956797619876260){ref-type="fig"}; see [Fig. S1](https://journals.sagepub.com/doi/suppl/10.1177/0956797619876260) in the [Supplemental Material available online](https://journals.sagepub.com/doi/suppl/10.1177/0956797619876260) for the complete stimulus set). Each stimulus trial consisted of three static images that, when presented in succession, depicted a scenario with a clearly expectable outcome.

![Example trial sequences and rhythmic visual stimulation. In each trial (a), infants saw stimuli from one of four different core knowledge domains (action, solidity, cohesion, or number). The first two pictures represented a physical or social event (prior and baseline pictures), and the third picture represented the outcome of that event, which could be expected or unexpected. Each picture was presented for 1.5 s. The schematic (b) illustrates the rhythmic stimulation protocol and the resulting neuronal oscillatory dynamics (steady-state visually evoked potentials, or SSVEPs). The picture sequences were visually flickered at a theta (4-Hz) or an alpha (6-Hz) frequency using the "on" and "off" screens of a 60-Hz CRT monitor. In the illustration, gray bars indicate "on" (the stimulus on screen) and "off" (a black screen; see also Videos S1 to S8). The visual stimulation elicited a clear SSVEP response, here averaged over occipital channels (O1, Oz, O2) and all stimuli presented in the specific frequency (filtered at ±1 Hz around the driving frequency).](10.1177_0956797619876260-fig1){#fig1-0956797619876260}

In a within-subjects design, each of the 16 sequences was presented four times, one time in each condition, at each of the two stimulation frequencies (4-Hz theta or 6-Hz alpha) combined with each outcome (expected or unexpected). This resulted in a total of 64 distinct trials presented in 16 blocks. In each block, four variations of a single knowledge domain (action, number, solidity, or cohesion) were presented in one of the two frequencies (theta or alpha) and with one of the two outcomes (unexpected or expected). The order of the core knowledge domains, frequencies, and outcomes was counterbalanced across infants. Furthermore, we counterbalanced the order of the four stimulus domains.

Every trial began with an attention grabber (a yellow duck with sound for 1 s), followed by a black screen (variable duration of 0.5--0.75 s) and the three stimulus pictures (4.5 s). The first two pictures showed the initiation of an event or action (0--3 s, or 1.5 s for each picture; see [Fig. 1a](#fig1-0956797619876260){ref-type="fig"}), followed by the picture presenting the expected or the unexpected outcome (1.5 s; see [Fig. 1a](#fig1-0956797619876260){ref-type="fig"}). Stimuli for sequences with expected versus unexpected outcomes were counterbalanced for the cohesion and the number stimuli (i.e., the unexpected outcome could be connected or unconnected objects as well as one or two objects) and were matched in terms of luminance and contrast for action and solidity (all *p*s \> .30). Stimuli were presented via the Psychophysics Toolbox (Version 0.20170103; [@bibr3-0956797619876260]) in MATLAB (Version 9.1; The MathWorks, Natick, MA).

Infants sat on their parent's lap at a viewing distance of about 80 cm from the stimulus monitor. Sequences were presented at the center of a 17-in. CRT screen at a visual angle of approximately 15.0° × 15.0° for the focal event (see [Fig. S2](https://journals.sagepub.com/doi/suppl/10.1177/0956797619876260) in the [Supplemental Material](https://journals.sagepub.com/doi/suppl/10.1177/0956797619876260)). We presented infants with 64 trials. If infants were still attentive after the first presentation of 64 trials, the presentation was restarted a second time. The session ended when the infant no longer attended to the screen. Infants were video-recorded throughout the experiment for off-line coding of gaze behavior (see below).

Visual brain entrainment {#section5-0956797619876260}
------------------------

We visually entrained a 4-Hz theta rhythm and a 6-Hz alpha rhythm by controlling the presentation at every refresh cycle of a 60-Hz CRT monitor (one refresh cycle = 16.67 ms). The flickering was established by showing either the stimulus ("on") or a black screen ("off"). To establish a flicker rate of 6 Hz, we presented the stimulus at a duty cycle of 5:5 (i.e., by alternating five "on" and five "off" frames at a refresh rate of 60 Hz). For 4 Hz, we used combined duty cycles of 7:8 and 8:7 "on" and "off" frames, respectively, to ensure an equal number of "on" and "off" screens between both conditions (4 Hz and 6 Hz). See [Figure 1b](#fig1-0956797619876260){ref-type="fig"} for an illustration of the stimulation protocol and the resulting SSVEP at occipital recording sites.

Gaze behavior {#section6-0956797619876260}
-------------

A video recording of the infants was used to monitor their looking time. Gaze behavior was coded off-line on the basis of the video recordings; agreement between two independent raters who analyzed more than 25% of the trials was excellent (intraclass correlation coefficient = .979).

Electroencephalogram {#section7-0956797619876260}
--------------------

### Apparatus {#section8-0956797619876260}

The EEG was recorded continuously in a shielded room using 30 Ag/AgCl ring electrodes from 30 scalp locations determined according to the international 10-20 system. Data were recorded with a Twente Medical Systems (Oldenzaal, The Netherlands) 32-channel Refa amplifier at a sampling rate of 500 Hz. Horizontal and vertical electrooculograms were recorded bipolarly. Impedances were controlled at the beginning of the experiment and accepted when below 10 kΩ. Electrode signals were referenced to the vertex (Cz).

### Preprocessing {#section9-0956797619876260}

EEG data were preprocessed and analyzed in MATLAB (Version R2017b). EEG signals were band-pass filtered from 1 Hz to 120 Hz and segmented into epochs from −1.5 s to 6 s with respect to the stimulus onset. Trials in which infants did not watch the complete 4.5-s sequence were excluded from the analyses. Furthermore, noisy trials were identified visually and discarded (\~10% of all trials), and noisy electrodes were interpolated on the basis of spherical information. Eyeblinks and muscle artifacts were detected using an independent component procedure (ICA) and removed after visual inspection by the first author. To avoid any bias, we identified and removed the ICAs across the whole data set, including all experimental conditions---both frequencies, both outcome conditions, all stimulus categories. We first removed the noisiest channels and trials (on the basis of visual inspection) and then conducted the ICA artifact rejection. If necessary, we repeated this procedure. A minimum of 20 artifact-free trials across conditions was required for an infant to be included in the statistical analyses. Infants in the final sample contributed 20 to 65 trials (*M* = 35.8, *SD* = 11.4), with no significant differences in the number of trials between frequencies and conditions (all *p*s \> .371).

### Steady-state visually evoked potentials {#section10-0956797619876260}

The main analyses focused on the SSVEPs elicited by theta and alpha stimulation at the posterior electrodes (O1, Oz, O2, P3, P4, Pz, P7, P8), given the topography of the SSVEP signals (see [Fig. 2a](#fig2-0956797619876260){ref-type="fig"}). Specifically, the evoked spectral power was obtained by complex Morlet's wavelets (Morlet parameter *m* = 7) at a resolution of 0.5 Hz for theta and alpha for each channel individually (Formulas 1 to 4 in [@bibr12-0956797619876260]). We identified the peak SSVEP signals as between 3 and 5 Hz for theta oscillations (*M* = 4.10, *SD* = 0.50) and between 5 and 7 Hz for alpha oscillations (*M* = 5.90, *SD* = 0.70). Specifically, we defined the frequency with the highest spectral increase across all occipital and parietal electrodes (O1, Oz, O2, P3, P4, Pz, P7, P8) across the whole time window (0--4.5 s; baseline ranged from −0.5 s to −0.25 s before stimulus onset) and across all trials of the specific stimulation condition (4 Hz or 6 Hz, respectively). Note that individual frequency adjustment was critical in the present study because for some infants, the endogenous response was just above or below the external stimulation frequency (see [Fig. S3](https://journals.sagepub.com/doi/suppl/10.1177/0956797619876260) in the [Supplemental Material](https://journals.sagepub.com/doi/suppl/10.1177/0956797619876260)). Also note that the same individual frequency was used to test the theta response in the alpha-stimulation condition (see the control analysis in the last paragraph of the Results section). Because the external stimulation highly disrupts the naturally occurring frequency spectrum (see [Fig. 1a](#fig1-0956797619876260){ref-type="fig"}), the theta peak in the theta-stimulation condition is the best estimate for an individual theta frequency in the present data.

![Steady-state visually evoked potential (SSVEP) responses to visual rhythmical stimulation. In (a), the topographic maps display the SSVEPs at the entrained theta and alpha frequency (0--4.5 s, baseline from −0.5 s to −0.25 s) collapsed across both outcome conditions (expected, unexpected). The time-frequency heat maps display the spectral power at posterior electrodes (O1, Oz, O2, P3, P4, Pz, P7, P8) over time, and the line plots to the right of the heat maps show the averaged spectral power (0−4.5 s). In (b), the topographic maps display the difference in SSVEP power between the unexpected and the expected conditions in response to the outcome (3--4 s) and in contrast to the presentation of the second picture, which was used as a baseline (1.5--2.5 s). Maps are shown separately for the theta and alpha frequencies. The outcome picture (expected vs. unexpected) was presented at the 3-s point during each trial. The line plots display the spectral power at posterior electrodes for each outcome. Error bands correspond to ±1 *SE*.](10.1177_0956797619876260-fig2){#fig2-0956797619876260}

The grand mean SSVEP signal was quantified by subtracting a prestimulus baseline (from −0.5 s to −0.25 s) from the SSVEP power. The main analysis focused on the difference in SSVEP power for a 1-s time window after the onset of the outcome stimulus (3--4 s), in contrast to the 1-s presentation of the second picture of the sequence (1.5--2.5 s), subtracted as a baseline. Subsequently, we averaged signal power at individual frequencies across occipital and parietal electrodes (O1, Oz, O2, P3, P4, Pz, P7, P8) for all statistical comparisons.

The results differed slightly from our original prediction (see the preregistration at <https://aspredicted.org/ve2qn.pdf>). First, the SSVEP signal and difference of interest spread into parietal cortical networks. Thus, we included all posterior electrodes in the analysis (O1, Oz, O2, P3, P4, Pz, P7, P8; note that this resembles closely the condition difference at parietal electrodes in some previous SSVEP studies; e.g., [@bibr15-0956797619876260]). Second, because of the edge artifact of the SSVEP (2.5--3 s) and the temporal characteristics of the SSVEP effects---the difference of interest lasted about 1 s---we used 1.5 s to 2.5 s as a baseline and 3 s to 4 s for the main analyses, instead of using the whole presentation durations of the baseline and the outcome picture. We did not include stimulus category as an additional factor in the analysis of variance (ANOVA), because not enough infants provided sufficient trials for each cell of this ANOVA. Note that the actual effects were very close to what we predicted, given that this is the first visual-entrainment study testing infants' violation-of-expectation responses.

Results {#section11-0956797619876260}
=======

Visual brain entrainment elicited clear SSVEPs at posterior recording sites ([Fig. 2a](#fig2-0956797619876260){ref-type="fig"}). Throughout the stimulus presentation (0--4.5 s), theta and alpha SSVEPs were significantly above the prestimulus baseline level, both *t*s(37) \> 7.46, *p* \< .001, with higher SSVEP power for entrained theta compared with alpha, *t*(37) = 3.38, *p* = .002.

To test for the effect of unexpected outcomes, we entered the posterior SSVEP for the outcome stimulus (3 s--4 s) into a Frequency (theta, alpha) × Outcome (expected, unexpected) repeated measures ANOVA. We found a significant main effect of outcome, *F*(1, 37) = 6.72, *p* = .014, η~*p*~^2^ = .154, but no main effect of frequency, *F*(1, 37) = 0.03, *p* = .858, η~*p*~^2^ = .001. Furthermore, there was a trend for a Frequency × Outcome interaction, *F*(1, 37) = 3.37, *p* = .075, η~*p*~^2^ = .083, in the expected direction (one-sided *p* = .037; see the preregistration at <https://aspredicted.org/ve2qn.pdf>). Post hoc *t* tests revealed a sharp increase in SSVEP power for the onset of unexpected compared with expected outcomes for the theta stimulation, *t*(37) = 2.85, *p* = .007, but no difference was found for the alpha stimulation, *t*(37) = 0.41, *p* = .684 ([Fig. 2b](#fig2-0956797619876260){ref-type="fig"}).

To test the possibility that the differential response to expected versus unexpected outcomes during the theta 4-Hz presentation reflected a mere endogenous effect independent from the 4-Hz stimulation, we conducted a control analysis, in which we tested the difference in the theta rhythm for the processing of expected versus unexpected events during the alpha 6-Hz stimulation. The theta frequency during the alpha stimulation did not differ between the expected and unexpected conditions in the first second of the outcome picture (3--4 s), *t*(37) = 0.62, *p* = .536.

Discussion {#section12-0956797619876260}
==========

Visually entrained theta oscillations increased for unexpected events, which violated infants' basic expectations. The theta rhythm is a phylogenetically preserved mechanism for neuronal organization in the mammalian brain ([@bibr16-0956797619876260]) with a specific role for learning in human adults ([@bibr6-0956797619876260]; [@bibr13-0956797619876260]), children ([@bibr14-0956797619876260]), and infants ([@bibr1-0956797619876260]). Thus, increased theta SSVEPs for unexpected events may reflect learning processes---that is, the integration of novel information to refine basic expectations. This idea fits neatly into the predictive-processing framework, which proposes the minimization of prediction errors as a general working principle of the brain ([@bibr7-0956797619876260]); it also fits with the finding that infants try to make sense of unexpected outcomes by increased exploration behavior following violation-of-expectation experiences ([@bibr21-0956797619876260]).

Entrained alpha oscillations, which are associated with attention, did not differ between outcomes ([@bibr4-0956797619876260]; [@bibr15-0956797619876260]), although we expected a decrease in entrained alpha oscillations for unexpected events. The suppression in the alpha SSVEP, as opposed to an increase, has been associated with attention processes in previous research ([@bibr8-0956797619876260]).

The strong impact of visual entrainment on infants' neuronal dynamics (see [Figs. 1b](#fig1-0956797619876260){ref-type="fig"} and [2a](#fig2-0956797619876260){ref-type="fig"}) underlines that we manipulated rhythmic neural processes beyond a mere amplification of ongoing neuronal signals. In future research, it would be intriguing to further substantiate the specificity of the theta rhythm in the processing of unexpected events and the causal role of the theta rhythm in encoding processes. The theta rhythm may be contrasted to further stimulation frequencies ([@bibr4-0956797619876260]), as in the adult literature, and compared with behavioral-learning outcomes ([@bibr15-0956797619876260]), such as infants' exploration behavior ([@bibr21-0956797619876260]).

To summarize, we established visual brain entrainment in the maturing infant brain, which elicited robust SSVEP responses and revealed a frequency-specific dissociation between expected and unexpected events. Thus, the present study is a critical first step and will open up new pathways for the experimental manipulation and investigation of the neuronal oscillatory dynamics underlying cognitive processes in infancy---a period of intense brain development and learning.
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